CBF has been measured with the hydrogen clearance technique in the two cerebral hemispheres of the gerbil under halothane anaesthesia. This has been correlated with changes in local pH, tissue lactate, and phosphorus energy metabolites measured in the same an imals with IH and 31p nuclear magnetic resonance (NMR) spectroscopy. The NMR measurements were made with two surface coils, one on each hemisphere. This article describes the experimental details and shows that in
The study of the metabolic consequences of cere bral ischaemia in experimental models is hampered by the lack of methods for measuring the time course of events in individual animals. Rapid freezing techniques require different animals for each point in time, while autoradiographic mea surements of regional glucose consumption also in volve the integration of activity data over 45 min (Sokoloff et aI., 1977) . The study of the relation ships between cerebral energy metabolism, the pro cess of ischaemic cell death, and the development of cellular acidosis demands techniques capable of making direct measurements of CBF, lactate, intra cellular pH, and energy metabolites in the same an-acute unilateral or bilateral forebrain ischaemia metabolic changes can be monitored by NMR with no significant interhemispheric cross talk. The metabolic effects of re perfusion are also shown. The model allows the defini tion of the time course of the metabolic consequences of regional ischaemia and reperfusion in individual labora tory animals. Key Words: Cerebral blood flow-Cerebral ischaemia-Energy metabolism-Nuclear magnetic res onance spectroscopy-pH. imal as a function of time. At present, despite re cent advances in multiple-tracer autoradiography, the measurement of a range of interrelated bio chemical or physiological variables at one site is difficult even for one time point (Hossmann et aI., 1985) .
A factor common to efficient energy metabolism and the maintenance of pH and metabolic homeo stasis is adequate tissue perfusion. Blood flow sup plies energy substrates to the brain and removes metabolic end products including lactate. The in terdependence between blood flow and energy pro duction is complex and dynamic in ischaemia, as shown by studies of CBF and oxygen metabolism with positron emission tomography in patients with strokes (Frackowiak, 1985) . An initial phase of maximally raised oxygen extraction characterizes ischaemia itself. With the onset of cell death, which depends on the duration and severity of the ischaemic insult and other factors as yet impre cisely known, oxygen extraction falls (Wise et aI., 1983) . The metabolic requirements of the surviving cells are then more than adequately supplied by the residual rate of perfusion. Also, pH homeostasis depends on the capacity of the cerebral tissues to buffer endogenously produced acids and on the in tegrity of mechanisms that transport the acid back to the bloodstream whence it is washed out of the tissue by blood flow (Siesjo, 1982) . It is important to know the time course of acidosis induced by ischaemia and whether it resolves spontaneously as cell death ensues and the local metabolic require ments of the tissue fall to levels adequately sus tained by residual perfusion (Syrota et aI. , 1983) . Similarly, loss of energy-rich phosphates may be a transient or permanent phenomenon depending on the severity of the ischaemia, the level of residual flow, and the composition of the tissues as a func tion of time. At different stages, one might expect various mixtures of living, ischaemic, and dead cells, each with characteristic metabolic profiles.
To this end, we have developed the method and model described in this article. We combine the si multaneous measurement of CBF by the hydrogen clearance technique (Aukland et aI. , 1964; Pasztor et aI. , 1973) in regions of the gerbil brain with mea surements of phosphorus metabolites, intracellular pH (Ackerman et aI. , 1980; Thulborn et aI. , 1982) , and lactate (Behar et aI., 1983) made in vivo by nu clear magnetic resonance (NMR) spectroscopy using two surface coils (Chew et aI. , 1985) , each doubly tuned to the 31p and I H frequencies. Unilat eral or bilateral ischaemia was induced in a group of animals to give a range of flows from normal through threshold ischaemic levels to profound ischaemia. The two surface coils were used to make alternate measurements from ischaemic and control hemispheres. This new combination of techniques permits the collection of spectra and measurements of CBF in the anaesthetized animal prior to, during, and following the induction of isch aemia, in both the affected and the control hemi spheres.
In this report we present the technical aspects of the experimental design, together with results that illustrate the capacity to make sequential I H and 31p measurements from each hemisphere with insig nificant cross talk between the two NMR coils and with little interference from simultaneous measure ments of regional blood flow.
MATERIALS AND METHODS
Anaesthesia was induced in adult male gerbils (Mer iones unguiculatus; weighing between 60 and 80 g) with a halothane/oxygen mixture. Anaesthesia was maintained with the same mixture, and the animals were allowed to breathe spontaneously. Heart and respiratory rates and J Cereb Blood Flow Metab, Vol. 7, No.2, 1987 rectal temperature were closely monitored throughout all experiments. The common carotid arteries were isolated from the vagus nerves. The external carotid arteries were identified and ligated. Because of the physical constraints imposed by the magnet, blood pressure and gases were not monitored during NMR spectroscopy. Therefore, a separate group of animals was used to establish the phys iological parameters of the experimental method. In these animals a femoral artery catheter was inserted for the continuous monitoring of blood pressure and heart rate and the intermittent observation of arterial blood gases. Te mperature was measured with a rectal catheter, and CBF was measured as described below. Arterial blood gases were measured with a microhaematocrit and blood gas analyser (ABL 30 Radiometer, Copenhagen, Den mark). In a second group of animals, NMR spectroscopy and blood flow measurements were made simultaneously.
Blood loss during surgical procedures was minimal and had no effect on the arterial haematocrit. Rectal tempera ture was maintained between 36 and 37.5°C by external warming.
CBF
Four burr holes were made in the skull after removal of the scalp, two in front of the coronal suture and two be hind, and Te flon-coated platinum iridium electrodes 75 fLm in diameter were inserted to a depth of 2 mm in the cortex stereotactically and fixed in position with glue (Crockard et aI., 1980) . A reference silver/silver chloride electrode was placed subcutaneously in the back to com plete the polarographic circuit. During experiments the platinum electrodes were polarized at + 400 m V.
CBF was measured by hydrogen clearance. The an imals were given �5% gaseous hydrogen in the inhaled anaesthetic gases for 1-2 min and uptake was followed until a suitable amount had accumulated in the cortex as judged by the size of the generated current. The flow of gas was then switched off. CBF was calculated by the initial slope technique, using the first 2 min of the "washout" curve. The first 30s after the discontinuation of the hydrogen inhalation was disregarded to allow for heterogeneity and recirculation. In previous work (Avery et aI., 1984) we have demonstrated that 90% of all gerbil washout curves analysed in this way are monoexponen tial, which allows rapid and reproducible flow calcula tions.
NMR spectroscopy
For the NMR studies, two surface coils, each of di mensions 5 x 7 mm, were fixed in position over the two parietal hemispheres. One hydrogen electrode on each side was sited in the parietal region at the centre of each coil. The second pair of electrodes was placed immedi ately anterior to the anterior rim of the two coils. The parietal electrodes sampled central regions within the volumes detected by each coil (the cross sections of the volumes .. seen" by NMR approximate to the cross sec tion of each coil), permitting correlations of CBF mea surements with NMR observations After placing the animal in the magnet, a period of 5 min was allowed for electrode stabilization, during which time the magnetic field homogeneity was adjusted. Con trol blood flow and NMR measurements were made. The left carotid artery was then occluded with a Sugita clip, and data were collected after a similar delay of 5 min. For those animals in which unilateral occlusion caused a change in the relative sizes of the metabolite signals (which occurred at flow rates of �20 ml 100 g-l min-lor below), the occlusion was maintained for 1 h. The clip was then removed and the effects of recirculation studied. For those animals in which unilateral occlusion produced no significant change in the relative sizes of the signals, the second carotid was then occluded for 30 min, after which both clips were removed. Flow and NMR measurements were made throughout the period of oc clusion and for up to 3 h during reperfusion.
The NMR studies were performed on a Bruker AM-360 spectrometer, using a vertical 8.5 T magnet and a pur pose-built probe of outer diameter 7.3 cm. An arrange ment involving the use of two surface coils was con structed for independent monitoring of the two sides of the brain. The coils were approximately rectangular in shape, each with dimensions 5 x 7 mm, and they were fixed to the skull with epoxy resin; new coils were con structed for each experiment. Both coils were doubly tuned to the IH and 31p frequencies of 360 and 145.7 MHz, respectively. Double tuning was based on the cir cuit described by Hoult (1978), but balancing capacitors were added to reduce dielectric losses (Murphy-Boesch and Koretsky, 1983) , and both the 31p and the IH signals were taken from what would conventionally be regarded as the low-frequency output of the circuit. Interaction be tween the two coils was suppressed by switching an addi tional capacitor into the "nonobserve" circuit to detune it completely. This was accomplished with a simple me chanical switch that could be operated without removing the probe from the magnet.
The effects of the detuning capacitor were best ob served by comparing the intensity of the [IHlwater signal with the capacitor connected and disconnected. A reduc tion of 10-fold or more in signal intensity was observed when the capacitor was switched from the "nonobserve" to the "observe" circuit, indicating that there should be very little interaction, or cross talk, between the two coils. This was confirmed by some experiments in which a much larger fat signal was observed on one side (owing to incomplete removal of scalp tissue on that side) than on the other side (see Fig. 1 ). The quality of localization produced by each coil (in particular, the extent to which one coil could detect metabolite signals from the contra lateral hemisphere) was best demonstrated by the results that were obtained in animals with significant unilateral ischaemia (see Results).
Electrical connections to the flow electrodes and the other monitoring equipment were made via radiofre quency filters at the base of the probe. Careful attention to earthing ensured that the electrodes introduced very little additional noise into the spectra. Magnetic field ho mogeneity was adjusted using the proton signal of water, and linewidths between 50 and 100 Hz were generally ob tained. After collecting data from one side, the detuning capacitor was switched over and data were then collected from the second side after readjusting the field homoge neity when necessary.
For the 31p spectra, pulses were applied every 600 ms; typically 250-1,000 scans were accumulated. The pulse width was normally set to 15 /LS, but some spectra were accumulated with pulse widths of 10 and 20 /Ls to check the variation of signal intensity with pulse width. As a calibration of pulse widths, it was found that the max imum bone signal (using a single pulse) was observed with a pulse width of 8 /LS. This should correspond ap- proximately to the 90° pulse at the centre of the coil. The convolution difference technique (Campbell et aI., 1973) , with line broadenings of 35 and 1,000 Hz, was used in data processing; this reduces the broad underlying signal from bone and phospholipids. Chemical shifts are ex pressed in parts per million relative to the phosphocrea tine (PCr) signal, which is set at 0 ppm. IH spectra were accumulated using two interleaved pulse sequences: with T = 400 /Ls, T = 68 ms, and the water signal on resonance. As described elsewhere (Williams et aI., 1986) , the addition of A and B provides a simple method of monitoring the lactate signal at 1.32 ppm while sup pressing the water and fat signals (as well as the N-acetyl aspartate signal). The reSUlting lactate signal is opposite in phase to the N-acetyl aspartate and fat signals ob served with sequence A and therefore appears inverted in the spectra. The fat signal and its suppression are most clearly seen by comparing the top left spectrum of Fig. 3 , which was obtained with sequence A, and Fig. 3a , which was obtained by adding A and B. In many of our studies, the fat signal was very small because the scalp tissue from which it originates had been fully removed. Even in these cases, it was considered important to suppress pos sible contributions from fats because membrane degrada tion during ischaemia might generate detectable fat signals, For most of the IH spectra, 0: was set to 2 /LS; typically, 64-128 scans were accumulated at intervals of 1.9 s. The maximum water signal (using a single pulse) was observed with a pulse width of � 16 /LS. Resolution was enhanced using a linear ramp covering the first 5 or lO ms of the free induction decay, followed by exponen tial multiplication corresponding to a line broadening of 10 Hz. Chemical shifts are expressed in parts per million, setting the N-acetyl aspartate signal at 2.01 ppm and the creatine plus PCr signal at 3.03 ppm. The pulsing conditions were chosen for optimal signal! noise ratios; therefore, in order to determine the relative concentrations of the various metabolites, the relative areas of the signals need to be corrected for the effects of saturation. These corrections, together with all the other factors that need to be considered for concentration mea surements, will be discussed in subsequent reports. Here we wish to demonstrate the scope of our model and the nature of the spectral changes that occur in response to flow changes, and this does not require detailed analysis of the various factors involved in quantitative analysis of the signals.
Intracellular pH was measured from the chemical shift difference (J" between the 31p signals of Pi and PCr using the titration curve (Taylor et al., 1983) 
This is similar to the calibration curve published by Pe troff et al. (1985) for their brain studies. When PCr was not detectable, the IH signals provided adequate refer ence frequencies (Ackerman et al., 1981) .
RESULTS

Physiological study
The cardiovascular and CBF parameters deter mined in gerbils spontaneously breathing halothane and oxygen are shown in Ta ble 1. CBF is slightly higher, Paco2 is slightly lower, but the blood pres sure and oxygen levels are similar to the published values under barbiturate anaesthesia (Crockard et aI. , 1980) . With the movement to the vertical posi tion, there was usually a transient drop in blood pressure that lasted for 1 or 2 min. There was a slight reduction in CBF, but over the next 2 h there was no change. By the end of the fourth hour, how ever, there was a tendency to slight acidosis, an in crease in Paco2, a slight reduction in blood pres sure, and a reduction in CBF.
Within the magnet the control hemispheric blood flows for the animals were frontally 39 ± 4 (SD) ml 100 g-I min-I (n = 8) and parietally 47 ± 8 ml 100 g -I min -1 (n = 8). These values as well as rectal temperature, heart rate, and respiratory rate were similar to those in the physiological study. It was therefore considered that the two groups of animals were as near as possible physiologically identical.
NMR study
Figures 2 and 3 illustrate 31p and I H NMR re sults, respectively, from an experiment in which unilateral occlusion produced only a small change in regional flow. Figure 2a left and right hemispheres. The intracellular pH in both hemispheres was measured to be 7. 11, and the PCr/Pi and PCr/ATP ratios (of peak areas) were in the normal range for control conditions. The pari etal flows were 50 and 53 ml 100 g -1 min -I, as shown in the circle next to each spectrum. Figure  2c is a 31p spectrum obtained after clipping the left carotid. It represents the sum of two spectra (which were very similar to each other) accumulated 10 and 17 min following the occlusion. There was no detectable change in the signal ratios and only a small reduction in flow to 40 ml 100 g -I min -1 . However, there was a small increase in intracellular pH to 7.26. Following additional clipping of the right carotid, large changes were observed in the 31p data and in the flow rates, which fell to 7 and 3 ml 100 g-I min-I in the left and right hemispheres, respectively. The 31p spectrum in Fig. 2d (accumu lated in 2. 5 min) was obtained 20 min after the second occlusion, and the only detectable signal was from Pi' The intracellular pH was 6.47, and the spectrum was very similar to that observed 10 min after occlusion. After releasing the clips, the meta bolic state gradually recovered, and Fig. 2e and f shows spectra and flow rates obtained about 1 h after release.
The 1 H data from the same experiment are shown in Fig. 3 . The top two spectra are normal "se quence A" spectra from the left and right sides under control conditions, showing signals from water, creatine plus PCr, N-acetyl aspartate, and fats. The remaining spectra in the figure represent "sequence A + B," which, as explained in Mate rials and Methods, suppresses the fat signal, al lowing detection of the lactate. In parallel with the 31p spectra of Fig. 2a and b, Fig. 3a and b shows I H spectra from the left and right hemispheres, respec tively, and they show barely detectable lactate signals. After clipping the left carotid, the IH spec trum of Fig. 3c shows no increase in lactate, which is consistent with the 31p and flow measurements of Fig. 2c . Following additional clipping of the right carotid, there was a large increase in lactate (Fig.  3d ), corresponding to the changes shown in Fig. 2d . The lactate signal remained constant during the pe riod of 7 -25 min following the second occlusion. After releasing the clips, the lactate gradually re covered toward its control values, and Fig. 3e and f shows spectra obtained � 1 h after release. Figures 4 and 5 illustrate an experiment in which unilateral occlusion produced a large reduction in flow. Figures 4a and b and 5a and b show control 31p and I H spectra, respectively, which are similar to the corresponding spectra in Figs. 2 and 3 . The control flow rates were 43 ml 100 g -I min -I in both Values are means ± SD. For animals in the horizontal position, n = 6 for gases and n = 12 for flows; n = 4 for all other values.
hemispheres. Figure 4c is a 31p spectrum obtained from the left hemisphere � 30 min after occlusion of the left carotid. A significant increase in Pi relative to per and ATP can be seen, and the intracellular pH was 6.66. The flow rate in this hemisphere had fallen to 20 ml 100 g -1 min -I . In contrast, the spec- (from right to left) to the 13-, ex-, and )I-phosphates of ATP, phosphocreatine (PCr), and Pi' Additional signals can be seen from phosphomonoesters (at -6.7 ppm) and in some cases from phosphodiesters (at -2.8 ppm). All spectra apart from (d) represent the accumulation of 1,000 scans; (d) was obtained in 240 scans (-2.5 min).
trum obtained from the right hemisphere 10 min later does not show such changes, which is consis tent with the flow measurement for this hemisphere of 41 ml 100 g-I min-I . Similarly, Fig. 5c and d shows an increase in lactate in the left hemisphere, but not in the right. Finally, Figs. 4e and 5e show spectra and flow rates obtained � 30 min following release of the clip, and the spectra have returned to normal. Fig. 3 , these spectra were obtained by sum ming sequences A and B to suppress the fat signal, and for comparison the top two spectra represent sequence A under control conditions. NAA, N-acetyl aspartate; PCr + Cr, phosphocreatine plus creatine. Vol. 7, No.2, 1987 In three further experiments, following unilateral occlusion the PCr/Pi ratio remained normal in the control hemisphere, but fell in the affected hemi sphere to values that were lower than that of Fig.  4c . All of these results demonstrate that one coil does not detect significant metabolite signal from the contralateral hemisphere, and therefore that the small size of each surface coil provides satisfactory localization. They also confirm that the metabolic changes in the affected regions result from the local flow changes and not from any systemic effects as sociated with the surgical interventions.
DISCUSSION
NMR is now widely used as a noninvasive method of studying metabolism in vivo. Within the brain, 31p signals are generated by PCr, ATP, and Pi' In addition to measuring the relative concentra tions of these metabolites, it is also possible to monitor the intracellular pH. With the development of methods for suppressing the I H signals from water and fat (Behar et al. , 1983; Rothman et al. , 1984; Williams et al. , 1986) , additional information is available from 1 H NMR. For example, following earlier I H NMR studies of brain lactate in hypoxia (Behar et al. , 1983) , the effects of hypoglycaemia on amino acids, high-energy phosphates, and intra cellular pH have been followed in the rat brain by combined I H and 31p spectroscopy . In the present studies, the combined obser vation of the phosphorus-containing metabolites, intracellular pH, and lactate in ischaemia is of par ticular interest.
31p NMR studies of regional ischaemia have been described in which a single surface coil of diameter 1 cm was used to monitor the metabolic state of different regions of the gerbil brain (Thulborn et al. , 1982) . In addition, an arrangement of two surface coils has been described that allows 31p spectros copy of a localized hemispheric injury model of the rat (Chew et al. , 1985) . Other workers (Horikawa et al. , 1985) have performed NMR studies of brain ischaemia in the rat, together with a parallel series of measurements of regional flow that were made on a different group of animals.
The work described here considerably extends the scope of these earlier studies by combining the hydrogen clearance technique of regional flow mea surement (Aukland et al. , 1964; Pasztor et al. , 1973) with simultaneous measurements of metabolic state in the same animals using I H and 31p NMR spec troscopy. The NMR measurements are made using two surface coils (each 5 x 7 mm), one placed over each hemisphere. Our results confirm that there is insignificant cross talk between the two coils and that their small size ensures satisfactory localiza tion. Appropriate attention to earthing ensured that there was no interference between the flow elec trodes and the NMR circuitry; in particular, there were no significant adverse effects on the NMR noise level or the probe tuning. The only problem we encountered was that it proved difficult to ob tain the high degree of field homogeneity that we routinely obtain in other brain studies. The water line width in the present studies was typically 50-100 Hz, which is perfectly satisfactory for 31p NMR but not ideal for IH spectroscopy, for which linewidths of <0. 1 ppm (36 Hz at 360 MHz) would be desirable. Nevertheless, as the spectra show, very respectable lactate signals can be observed with the electrodes in place.
The time resolution of the NMR measurements is limited by the signal/noise ratio that can be achieved with the small surface coils. The 31p spectra in Figs. 2 and 4 were accumulated in times ranging from 2.5 to 10 min, while the IH spectra took 2-4 min. The achievable time resolution de pends on the signal/noise ratios that are required and on the scale of the metabolic changes; when the Pi and lactate levels are high, it should be pos sible to collect combined IH and 31p data with time resolution of � 1 min.
Although there is a discrepancy between the res olution of the CBF and NMR methods, NMR "seeing" a larger volume, our previous work (Avery et al. , 1984) suggests that, at least in the gerbil, the "point source" CBF measurements are fairly representative of a large volume of gerbil cortex. In the primate cortex, there is a much wider variation in regional CBF, yet the H2 technology has been used successfully to allow correlations with cortical evoked potentials and regional CBF (Branston et al. , 1976) .
The gerbil provides a good model for studies of regional ischaemia because of an incomplete circle of Willis. However, the degree of ischaemia pro duced by unilateral carotid occlusion is unpredict able owing to anatomical variation between indi vidual animals. Nevertheless, we can capitalize on this fact to observe the metabolic consequences of a range of levels of hypoperfusion and ischaemia by monitoring the regional CBF in each case. The re peated measurements of CBF, while the animal was vertical in the magnet, correlated closely with the associated physiological study in which blood pressure and gases were also monitored. These measurements therefore confirm the physiological validity of the model used for the NMR studies. In addition, the use of two surface coils confirmed that the metabolic changes detected in the affected regions reflected the specific effects of regional ischaemia rather than any systemic perturbations.
The model should now permit the metabolic anal ysis of the sequelae of ischaemia in relation to the degree and duration of hypoperfusion. It should be possible to investigate modifications to flow and metabolism produced by pharmacological or other interventions prior to, during, or following reversal of ischaemia. The question of ischaemic thresholds and the time course of metabolic recovery during reperfusion may also be addressed. In addition, the combined measurement of CBF, phosphorus-con taining metabolites, pH, and lactate should provide further information about the mechanism of cell death and the integration of glycolytic and oxida tive metabolism.
